The combination of architectural membranes such as ethylene tetrafluoroethylene (ETFE) foils and organic photovoltaic (OPV) cells offers a wide range of possibilities for building integration applications. This is due to their flexibility, free-shape, variable color and semitransparency, light weight, cost-effectivity, and low environmental impact. In addition, electrical generation is provided. Four configurations of ETFE foils designed to be integrated onto a south façade glazing element were studied for two representative European locations with different climatic conditions: Barcelona and Paris. These configurations comprise a reference one based on a double ETFE foil with a 10 mm air gap in between, and the other three incorporate on the inner ETFE foil either OPV cells covering 50% or 100% of its surface or a shading pattern printed on it covering 50% of its surface. Results show that, in terms of energy, the configuration with higher OPV coverage area is the one achieving the lowest net energy consumption in both locations. However, when looking at the illumination comfort this option results in insufficient illumination levels. Therefore, a tradeoff strategy balancing energy performance and illumination comfort conditions is necessary. Based on that, the best solution found for both cities is the configuration integrating OPV cells covering 50% of the glazing area and for a window to wall ratio of 0.45.
Introduction
It is widely known that the building sector is the largest energy consumer in the world. In the European Union (EU), buildings are responsible for approximately 40% of energy consumption and 36% of carbon dioxide emissions. These figures are explained by the simple fact that 75% of the buildings in Europe are energy inefficient [1] . In addition, energy demand in buildings keeps on rising because of an improved access to energy in developing countries, a more intense use of energy-consuming devices, and a rapid growth in floor area in buildings (around 3% per year) [2] .
With the aim of alleviating and then reversing this trend, the European Union defined a series of policies. The last Directive of the European Parliament is the 2018/844, which amends Directive 2010/31/EU on the energy performance of buildings and Directive 2012/27/EU on energy efficiency. This new Directive extends the so-called "20-20-20" goals (20% increase in energy efficiency, 20% reduction of CO 2 emissions from 1990 levels, and 20% of energy production from renewables) to be reached by 2020, to more demanding ones to be fulfilled by 2030. The new targets set that energy efficiency should be improved by 32.5%, greenhouse gas emissions should be decreased by 40%, and 32% of energy production should be from renewables [3] . by lamination. Performance was monitored for different pressure and temperature conditions. Based on the results, an optimized lamination process was stated to ensure proper performance. Almost one-year outdoor monitoring was conducted with positive feedback, that led to a step forward for developing the final demonstrator (1.5 m by 6 m façade screen).
It can be noticed that there are a limited number of studies describing performances of OPV combined with ETFE. Among them, only one study conducts experiments outdoors but in a free-rack module. Therefore, bearing in mind that OPV/ETFE is mainly developed for building integration applications, more research is needed for analyzing the behavior of the OPV/ETFE glazing in a building integrated environment. In order to fill in this gap, the present research deals with the full modelling of a planar OPV/ETFE system integrated in a south façade (northern hemisphere), determining the effect on the illumination of the interior space, the thermal demands and electrical power generation. These performances are analyzed for different configurations defined as a function of the percentage of OPV cells in the glazing and the coverage area of the glazing in the façade. As a result, the paper aims at demonstrating the suitability of such a configuration for building integration.
The contents of the paper are organized as follows. In Section 2 the methods utilized for the different characterizations are described. Spectral transmittance and reflectance values were measured in the laboratory whilst OPVs electrical performance was monitored outdoors. Section 3 explains the model and the main parameters and assumptions involved. The model, fed with the experimental results, is utilized to simulate the performance of the OPV/ETFE system integrated in an office building and to conduct a sensitivity analysis. Once the model is introduced, the main results are discussed in Section 4 and the main conclusions of the study are provided.
Characterization of ETFE Foils and OPV Cells
Three different ETFE foils were analyzed in this study: Two ETFE clear foils with different thicknesses (150 and 250 µm) and the same 250 µm-thick ETFE clear foil but with silver prints resulting in a 28% opacity. Printing allows for reduced light transmission and provides an effective shading element.
Commercially available OPV cells were selected for this study. They are considered to be representative of the wide variety of organic technologies.
Optical Properties
The spectral transmittance and reflectance of the ETFE foils and the OPV cells were determined from 0.35 to 50 µm with a Fourier-transform spectrometer Bruker Optics-IFS 66 v/S equipped with an integrating sphere. This spectral range covers both the solar range and almost the full range of thermal emission (>96% for 25 • C) in the mid-infrared for common operational temperatures. Using Kirchhoff's law, the absorptance can be derived from the experimental measurements as follows:
The ETFE clear foils behave similarly regardless of their thickness with high transmittances over the solar range (~90%) whereas the printed ETFE reflects 30% of the incoming solar light and transmits only~40% of it. In the IR, ETFE foils start to absorb more with some transmission peaks that can reach values higher than 50% (Figure 1 ).
Figure 1.
Experimental transmittance and reflectance of the three ethylene tetrafluoroethylene (ETFE) foils and the organic photovoltaic (OPV) cells.
Luminous and Solar Characteristics
The methods to determine luminous and solar characteristics of glazing in buildings from spectral reflectance and transmittance measurements are detailed in EN 410:2011 [19] . These properties are taken as inputs to evaluate performances in terms of lighting conditions, and heating and cooling demands. In addition, a comparison between different foils can be performed based on their performances.
The main parameters derived from the spectral measurements are the solar transmittance (τe), the solar reflectance (ρe), the visible transmittance (τv), the visible reflectance (ρv), the transmission factor of solar energy (g), and the shading coefficient (SC). Other parameters that can be obtained from experimental measurements are the correlated color temperature (CCT) that is defined as the absolute temperature of a blackbody whose chromaticity most nearly resembles that of the light source. This parameter is key for interior spaces since it is related to human perception. It was calculated using McCamy's equation [20] : CCT = 449 n 3 + 3525 n 2 + 6823.3 n + 5520.33 (2) where n is calculated using the x, y coordinates from CIE 1931 [21] as:
Another useful parameter is the color rendering index (CRI), also known as general index of color reproduction (Ra) (UNE-EN 410). A summary of the values obtained for all the studied foils is provided in Table 1 . 
The main parameters derived from the spectral measurements are the solar transmittance (τ e ), the solar reflectance (ρ e ), the visible transmittance (τ v ), the visible reflectance (ρ v ), the transmission factor of solar energy (g), and the shading coefficient (SC). Other parameters that can be obtained from experimental measurements are the correlated color temperature (CCT) that is defined as the absolute temperature of a blackbody whose chromaticity most nearly resembles that of the light source. This parameter is key for interior spaces since it is related to human perception. It was calculated using McCamy's equation [20] : CCT = 449 n 3 + 3525 n 2 + 6823.3 n + 5520.33 (2) where n is calculated using the x, y coordinates from CIE 1931 [21] as:
Thermal Characteristics
In order to assess the performances of the ETFE window integrated into a building, its thermal properties have to be determined. The level of insulation is given by the thermal transmittance (U-value) which is obtained by computing the heat flow through the element for a known temperature difference between its two faces.
In the EU and associated countries, the procedure to calculate the U-value is reported in the UNE-EN 673 [22] . The algorithm was substantially simplified compared to the ISO 15099 [23] algorithm, which is used in North America to predict the thermal and optical performances of windows. The thermal properties of glazing systems are calculated based on a comprehensive heat transfer model, analyzing conductive, convective, and radiative heat transfer.
The thermal conductivity, the specific heat and the density of ETFE were obtained from the manufacturer data sheet ( Table 2 ) and allowed to compute conductive and convective calculations [24] : Table 2 . Summary of thermal characteristics.
Thermal Characteristic
Value Units λ ETFE 20
Kg/m 3
The normal emissivity (ε n ) is crucial to calculate the radiative heat flux and therefore the U-value. Antretter et al. evaluated the heat flux through an EFTE cushion and concluded that 30% of it was due to convection and 70% due to radiation, thus stressing the importance of an appropriate radiative modeling [25] . The normal emissivity can be calculated following the procedure reported in the UNE-EN 12898 [26] . This standard uses as an input the optical measurements previously provided. In the next table (Table 3) , the resulting values are provided: 
OPV Cells Characterization
The OPV power density output was characterized over a period of five months (July-November) under real conditions. The OPVs were placed vertically on a south-oriented testing unit at 1.5 m height to avoid albedo effects. The irradiance was measured using a pyranometer (CMP6) located at the same position as the OPVs. Temperatures were monitored using T-type thermocouples attached at the rear part of the OPV cells, which were connected to a maximum power point tracker (MPPT). Figure 2 shows the power density as a function of irradiance for the entire time period. The average, minimum, and maximum module back temperatures together with the standard deviation can be seen in Table 4 . Table 4 . Summary of thermal characteristics. The power density dependence with temperature is very week. Therefore, a linear regression relating power and irradiance obtained from the experimental campaign was applied while neglecting the temperature dependence. 
Model Description

Studied Configurations
ETFE foils may be configured in different ways depending on the application in which they are expected to be used and its associated requirements (illumination control, high thermal insulation, etc.). Four different configurations were analyzed in this study, all of them composed of two flat films and an intermediate layer of air (10 mm). Figure 3 and are identified using the nomenclature introduced in Table 5 . 
Model Description
Studied Configurations
ETFE foils may be configured in different ways depending on the application in which they are expected to be used and its associated requirements (illumination control, high thermal insulation, etc.). Figure 3 and are identified using the nomenclature introduced in Table 5 . The luminous, solar, and thermal characteristics of every configuration are provided in Table 6 . It can be appreciated that the reference configuration is the one achieving the highest transmittance and solar factor, but as a consequence the higher shading coefficient and thermal transmittance values. The U-value was calculated following the simplified UNE procedure and the ISO one, noticing that those calculated by UNE exceed the ISO ones. The configuration 1, C1, results in the lower transmittance and solar factor values by far with respect to the other configurations. However, regarding the U-values, a small variation can be observed. Differences in the two standard calculations for the U-value are noticeable for this case since for the U-value referred to ISO, C1 gets a value slightly higher than C3, The luminous, solar, and thermal characteristics of every configuration are provided in Table 6 . It can be appreciated that the reference configuration is the one achieving the highest transmittance and solar factor, but as a consequence the higher shading coefficient and thermal transmittance values. The U-value was calculated following the simplified UNE procedure and the ISO one, noticing that those calculated by UNE exceed the ISO ones. The configuration 1, C1, results in the lower transmittance and solar factor values by far with respect to the other configurations. However, regarding the U-values, a small variation can be observed. Differences in the two standard calculations for the U-value are noticeable for this case since for the U-value referred to ISO, C1 gets a value slightly higher than C3, but referring to UNE C1 has the lowest U-value. In the case of configurations C3 and C4, similar values are reported for the tabulated parameters. 
Building Model Parameters and Assumptions
A 3D model of an office building was created in SketchUp and imported from Trnsys [27] (Figure 4) . The building has a floor area of 25 m 2 (5 m by 5 m) with a height of 3 m, resulting in a total volume of 75 m 3 . The different ETFE window configurations proposed in this study were integrated in the south façade (selected locations are in the northern hemisphere) with different window wall ratios (WWR) ranging from 25% to 95% in 10% steps. Window wall ratio is defined as the percentage of glazed area with respect to the total wall area where the glazing is placed. The simulations allowed evaluating the lighting conditions, and the thermal and electrical behaviors.
wall ratios (WWR) ranging from 25% to 95% in 10% steps. Window wall ratio is defined as the percentage of glazed area with respect to the total wall area where the glazing is placed. The simulations allowed evaluating the lighting conditions, and the thermal and electrical behaviors. [28, 29] given in Table 7 . Nonetheless, the thermal transmittance depends on the different temperatures across the system and also some of the parameters involved are angle dependent. Therefore, the U-value is calculated at each time step considering the specific conditions by means of the LBL Window Program [30] , which generates a DOE-2 file format that is subsequently read by Trnsys. [28, 29] given in Table 7 . Nonetheless, the thermal transmittance depends on the different temperatures across the system and also some of the parameters involved are angle dependent. Therefore, the U-value is calculated at each time step considering the specific conditions by means of the LBL Window Program [30] , which generates a DOE-2 file format that is subsequently read by Trnsys.
Glazing temperatures are calculated considering the transmittance, reflectance, and absorptance of each specific system to incoming direct and diffuse solar radiations and also to diffuse short-wavelength radiation reflected through the multilayered system. Also, convective, conductive, and long-wave radiative heat transfer calculations are performed between individual layers and inner and outer environments.
The internal heat gains generated by occupancy, lighting, and appliances have been considered and calculated according to standard EN16798-1 [31] . This norm also indicates the values for ventilation rates including infiltration, which for the present case takes a value of 0. [32] . The heat pump operation time was set to 11 hours per day (7:00 h-18:00 h) from Monday to Friday.
The main parameters and assumptions for these calculations are summed up in Table 8 . 
Simulation Criteria
The purpose of this document is to analyze the thermal, electrical, and lighting behaviors when incorporating the different systems as a substitute for conventional windows. Concerning lighting, daylight availability describes the light transmitted through a window system to an indoor space. It can be defined by dynamic/climate-based metrics such as daylight autonomy (DA), useful daylight illuminance (UDI), or annual light/sunlight exposure [33] .
DA is a climate-based metric defined as the percentage of occupied hours in a year when a minimum illuminance threshold (x lux) can be met by daylight alone. Illuminances of 300 lux (DA300 lux) and 500 lux (DA500 lux) are the most common target thresholds for offices, classrooms, and libraries. For any given point in a building, daylight is considered sufficient if the daylight autonomy exceeds 50% of the occupied hours of the year (i.e., DA300 lux or 500 lux > 50%) [33] . 
DA is a climate-based metric defined as the percentage of occupied hours in a year when a minimum illuminance threshold (x lux) can be met by daylight alone. Illuminances of 300 lux (DA300 lux) and 500 lux (DA500 lux) are the most common target thresholds for offices, classrooms, and libraries. For any given point in a building, daylight is considered sufficient if the daylight autonomy exceeds 50% of the occupied hours of the year (i.e., DA300 lux or 500 lux > 50%) [33] .
UDI is a modification of daylight autonomy conceived by [34] . In contrast to measures of daylight autonomy, the UDI paradigm gives significance to those daylight illuminances below a design threshold or between two values. The UDI range is further subdivided into three ranges. The range UDI < 100 Lux indicates a low level of illumination in which artificial lighting will be necessary, the range UDI 100-2000 indicates levels of comfort lighting in which the majority of activities can be carried out, and the range UDI > 2000 indicates that the lighting levels create a discomfort situation due to the high level of illumination. Normally this last case happens in south orientations where the solar radiation directly impacts the interior of the building.
In addition to the luminous performance, an analysis of the energetic demands for the different configurations is conducted. The annual global consumption of energy (Q overall ) is determined by subtracting the annual energy produced by the OPV cells (−E PV ) (if installed) to the annual energy consumed by the air conditioning equipment (Q heating + Q cooling ).
Thus, small values of Q overall indicate less energy demand in the building and more energy savings.
Results
The annual energetic performance of the four system configurations integrated onto the south façade with several WWR was evaluated for Barcelona and Paris. The space heating and cooling demands, as well as the electrical production for the cases where OPV cells are used, were calculated.
The impact of the WWR is clearly illustrated in Figure 7 . Increasing WWR brings higher cooling demands and less heating demands due to the enhanced solar gain. Although the heat flux increases with bigger windows (higher losses especially during the night), the demands are not impacted to a great extent mainly due to the diurnal occupation for an office case-study. The criterion followed to establish the WWR range is that the maximum WWR considered in the interval is the one where the overall energy demand in both configurations including OPVs (50% and 100%) is the minimum. Figure 7 includes also the subsequent WWR to illustrate that overall energy demands change in slope and start to increase.
consumed by the air conditioning equipment (Qheating + Qcooling). Qoverall = Qcooling + Qheating − EPV (4) Thus, small values of Qoverall indicate less energy demand in the building and more energy savings.
The impact of the WWR is clearly illustrated in Figure 7 . Increasing WWR brings higher cooling demands and less heating demands due to the enhanced solar gain. Although the heat flux increases with bigger windows (higher losses especially during the night), the demands are not impacted to a great extent mainly due to the diurnal occupation for an office case-study. The criterion followed to establish the WWR range is that the maximum WWR considered in the interval is the one where the overall energy demand in both configurations including OPVs (50% and 100%) is the minimum. Figure 7 includes also the subsequent WWR to illustrate that overall energy demands change in slope and start to increase. In Barcelona, the impact of increasing the size of the windows can be directly related to a higher cooling demand due to its hot and sunny summers and mild winter Mediterranean climate (Csa) [35] . WWRs vary from 25% to 65% since under the last WWR the net/overall energy demands for the configurations including OPVs grow with respect to the previous WWR (55%). WWR of 55% is set as the upper limit of the WWR interval. It is observed that configurations ETFE + OPV(100%)/ETFE (C1), ETFE + OPV(50%)/ETFE (C2), and ETFE + ETFE-SILVER(50%) (C3) bring energetic savings with respect to the reference case ETFE + ETFE (REF) since they act as shading elements. On the other hand, Paris has an oceanic semi-continental climate (Cfb) [35] . As a consequence, increasing the WWR reduces the overall energy demand and equalizes the space heating and cooling demands. Configurations with higher shading increase the heating demands due to the colder climate in Paris. In Barcelona, the impact of increasing the size of the windows can be directly related to a higher cooling demand due to its hot and sunny summers and mild winter Mediterranean climate (Csa) [35] . WWRs vary from 25% to 65% since under the last WWR the net/overall energy demands for the configurations including OPVs grow with respect to the previous WWR (55%). WWR of 55% is set as the upper limit of the WWR interval. It is observed that configurations ETFE + OPV(100%)/ETFE (C1), ETFE + OPV(50%)/ETFE (C2), and ETFE + ETFE-SILVER(50%) (C3) bring energetic savings with respect to the reference case ETFE + ETFE (REF) since they act as shading elements. On the other hand, Paris has an oceanic semi-continental climate (Cfb) [35] . As a consequence, increasing the WWR reduces the overall energy demand and equalizes the space heating and cooling demands. Configurations with higher shading increase the heating demands due to the colder climate in Paris. Due to this fact, the maximum WWR value considered is 85%. Under 95% WWR the overall energy demand values increase.
In general, configurations C1 and C2 produce electrical energy and, as a consequence, reduce the overall energy demand. An exception is configuration C1 in Paris when WWR is 0.25, where the net energy does not improve since the small fraction of glazing in the south wall reduces solar gains. Thus in the end the heating demand has become larger than the savings achieved due to the smaller cooling demand in summer.
In Barcelona, configuration C1 brings a heating demand reduction spanning from 8.69% (WWR = 0.25) to 24.04% (WWR = 0.55) compared to the reference case. In addition, a fraction ranging from 46.00% to 71.05% of the consumption is covered by PV production. In Paris, also for C1, the heating demand is increased Configuration C3 only acts as a shading element (there is no PV production) and its thermal performance is similar to configuration C2. Nonetheless, configuration C2 reduces the heating demand globally more than 2% compared to configuration C3.
In the end, in Barcelona, configuration C1 is the less energy consuming option, with the same level independently of the WWR (up to 0.55). It is worth noticing that when WWR is the largest, PV production is fortunately larger to compensate for the cooling needs. In Paris, large window areas with the maximum coverage of OPV cells (configuration C1) is optimum for net energy consumption. Thus luminous performance will be required for finding the optimum WWR in Barcelona and for checking if configuration C1 remains attractive in both locations.
Regarding the luminous performance, DA and UDI were evaluated (Figure 8 ). The WWR doesn't impact on the DA at 300 lux (DA300). Therefore, a WWR of 0.25 would be sufficient for all configurations except C1 (ETFE + OPV(100%)/ETFE). This configuration has a limited transmissivity of solar light and therefore artificial illumination would be necessary during the vast majority of the day. Higher WWRs than 0.55 are not included for the case of Paris since DA at 300 lux is not influenced.
The UDI of interest is from 100 to 2000 lux since it comprises the range 100-300 lux where only additional illumination would be required and the 300-2000 lux range where luminous comfort is achieved without having recourse to artificial light. For increasing values of WWR and considering the reference case, UDI 100-2000 lux gets reduced by increasing UDI > 2000 lux. But this high level of illumination causes discomfort. Figure 9 shows that the results are similar in both Barcelona and Paris. Based on this indicator, for the case of Barcelona the best configuration is found to be a WWR of 0.45 and the configuration C2, achieving an illumination level from 100 lux to 2000 lux during 82.2% of the annual hours. For the rest of the WWR analyzed, configuration C2 always performs the best, except for a WWR of 0.25 where the glazing including the silver printed pattern (configuration C3) slightly outperforms configuration C2. In the case of Paris, the best performances are when WWR is equal to 0.35 for configuration C2. Based on this result, larger WWRs than 55% are not included in Figure 9 . Similarly to the results obtained for Barcelona, with a WWR of 0.25 the combination including a silver printed ETFE foil (C3) provides a better illumination than configuration C2.
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When combining the analyses on energy consumption and illumination performances, On the other hand, configurations with shading elements (either an OPV/ETFE or a silver printed ETFE layer) achieve DA values around 80% in Barcelona and 70% in Paris (4% lower than the reference case for both cities). The UDI indicator in the range 100-2000 lux is increased with higher WWR except for large values (>0.5) where it starts to decay.
When combining the analyses on energy consumption and illumination performances, conclusions can be drawn about optimum strategies for integrating OPV/ETFE windows in buildings as a function of the local climate
Conclusions
OPV/ETFE building integrated windows are a promising alternative to conventional glass windows. They have advantageous characteristics such as low environmental impact, flexibility, light weight, color variability, free-shape, and more generally customization options. Transmittance and reflectance spectral measurements of three different EFTE foils and a commercial OPV have been performed. The main optical, thermal, and luminous properties have been calculated from this experimental characterization to perform a dynamic simulation in Trnsys for a model office building. The luminous and energetic performances have been evaluated for 4 different window configurations, different WWRs and two locations (Barcelona and Paris). The four configurations comprise a reference case (REF) which does not have any shading element, a case where a tinted layer is added (C3), and two cases where OPV cells are added with area coverages of 50% (C2) and 100% (C1). Energy produced by the OPV cells partly covers electrical demands of the reversible heat pump.
The main conclusions that can be drawn from this study are the following. Firstly, ETFE foils with OPVs are able to provide reasonable shares of the total heating and cooling demands. Values higher than 22% for Barcelona and 16% for Paris can be attained (WWR of 25%). The configuration that best performs in terms of energy fraction covered, in both locations, is found to be C1 since it has the higher PV area to generate electricity. On the other hand, configuration C1 in combination with the various WWRs is different for the two locations. In the case of Barcelona, the net energy is almost the same for WWR from 0.25 to 0.45. For a WWR of 0.55 the cooling demand increases in a bigger proportion than the rise in electricity produced thanks to a larger area coverage, resulting in a net energy consumption slightly smaller than for lower WWRs. In Paris the most effective WWR is 0.85 because the heating demand is predominant and the higher the glazing area the higher the energy flux entering the interior space.
Secondly, a solar control system should be added to the reference system since high percentages over the yearly daytime hours with levels of illumination higher than 2000 lux are registered, with the associated discomfort.
Thirdly, configurations C1, C2, and C3, which have shading elements, are key to create luminous comfort for climates and latitudes such as Barcelona. The cooling needs are reduced, and when increasing WWR, the luminous comfort characterized by the UDI 100-2000 lux is enhanced. On the other hand, adding shading elements in places like Paris increases the heating demands whilst improving the luminous comfort. In both locations, configuration C2 under a WWR of 0.45 is the combination providing the best UDI percentages of about 80% (80% of the daytime yearly hours are under illumination comfort).
Finally, OPV cells in windows transform a passive system into an active one able to provide a fraction of the total energy demands. In addition, OPV cells act as shading elements and therefore change the thermal and luminous performances. The area of the window covered by the OPV cells is key to achieve a satisfactory tradeoff between all the targets. High OPV coverage area in windows could be a possibility for places like Barcelona characterized by hot temperatures during long periods over the year. However, for places with colder climates such as Paris OPV cells can have more detrimental impacts. Higher OPV coverage of the total area reduces the luminous comfort (UDI) and the useful daylight (DA300) in both cities. Even though high OPV areas provide high coverage of building demands, the luminous discomfort associated may lead to discarding this option. 
